1. INTRODUCTION
===============

Urease (urea amidohydrolase; EC 3.5.1.5) was the first enzyme to be crystallized (1926). It was also the first enzymatic protein in which the presence of nickel ions was noted \[[@R1]\]. Since then, an intensive study on urease has been conducted, thanks to which a role of urease in nitrogen compounds circulation has been determined. It has also been showed that urease may be a virulence factor essential in various illnesses, including long-lasting diseases.

Urease is capable of urea hydrolysis. This compound is widespread: it is found in the natural environment (water and soil) and in human body, where its occurrence is connected with protein degradation. In humans, urea is a factor of normal functions of kidneys \[[@R2],[@R3]\]. A healthy adult excretes about 30 g of urea per day \[[@R2]\]. However, it is present not only in urine, but also in blood serum, sweat and even in stomach \[[@R1],[@R2]\]. Hydrolysis of urea by urease is a complex process. In the first step, one molecule of ammonia and one molecule of carbamate appear. In water solution, carbamate spontaneously converts into the second ammonia molecule and carbonic acid. Next ammonia is protonated (Fig. **[1](#F1){ref-type="fig"}**). This process results in pH increase \[[@R1]\].

Urease and ammonia, generated during urea hydrolysis, may be toxic for human tissue \[[@R4],[@R5]\] and probably have role in long-lasting diseases, like atherosclerosis or rheumatoid arthritis \[[@R6],[@R7]\]. This phenomenon will be precisely described in the next paragraphs.

2. OCCURRENCE OF UREASE PRODUCING ORGANISMS
===========================================

Urease is produced by many different bacteria \[[@R8]-[@R17]\], fungi \[[@R3],[@R18],[@R19]\], plants \[[@R1],[@R3],[@R8],[@R20],[@R21]\] and even some invertebrates \[[@R20],[@R21]\]. Microorganisms with ureolytic properties were found in soil and water as well as in human and animal bodies \[[@R8]\]. Ureolytic bacteria may belong to symbiotic natural microflora or to pathogens. In facultative anaerobes from intestinal microflora the level of this activity is diverse and species characteristic \[[@R9]\].

Ureolytic activity is often observed in pathogenic bacteria. Such a feature is characteristic of pathogenic *Staphylococcus* strains. Over 90% of clinical methicillin resistant *Staphylococcus aureus* strains are capable of urea hydrolysis \[[@R10]\]. *Staphylococcus leei* isolated from biopsy material from gastritis patients was also ureolytic. Uropathogenic *Staphylococcus saprophiticus* is also capable of this activity \[[@R1],[@R11],[@R22]\]. Urease is observed in *Helicobacter* sp., including all *Helicobacter pylori* isolated from gastritis patients \[[@R1],[@R4],[@R23]\]. Urease is an enzyme synthesized by pathogenic mycobacteria like *Mycobacterium tuberculosis* and *Mycobacterium bovis* \[[@R12]\]. It was observed that anaerobic clostridia are capable of urea hydrolysis. About 2% of *Clostridium perfringers* strains, an etiologic factor of gas gangrene, showed this feature \[[@R13]\]. Even some strains of *Vibrio parahaemolyticus*, a species considered non-ureolytic, produce urease \[[@R14]\]. Another generally urease negative bacterial species is *Escherichia coli*. Among *E. coli* strains, about 1% of urease-positive isolates were found. This feature was connected with pathogenic O111, O157:H7, O145 and O26 enterohemorrhagic *E. coli*, and in O157 serogroup with sorbitol fermenting, but non motile strains \[[@R15]-[@R17]\]. *Proteus mirabilis* is a well-known ureolytic human's pathogen. Urease is one of the major bacterial virulence factors during urinary tract infections caused by these bacteria \[[@R1],[@R24]\]. A similar phenomenon was noted for uropathogenic *Ureapasma urealyticum*, *Klebsiella* spp., *Pseudomonas* spp., *Corynebacterium* sp. D2, *Proteus penneri*, *Providencia stuartii* and *Morganella morganii* \[[@R1],[@R22]\].

3. GENETIC AND STRUCTURAL ORGANIZATION OF BACTERIAL UREASES
===========================================================

Urease is a nickel-containing enzyme, which requires activity of a few additional proteins for acquisition of its hydrolytic properties. This process involves genes coding structural enzyme polypeptides as well as genes coding accessory proteins, located in a joint cluster \[[@R1],[@R25]\].

Bacterial ureases are always multimeric enzymes composed of two or three different polypeptides \[[@R1]\]. In *P. mirabilis,* three structural subunits: 11 kDa UreA (subunit γ), 12.2 kDa UreB (subunit β) and 61 kDa UreC (subunit α) are found \[[@R1],[@R26],[@R27]\]. These polypeptides are encoded by three structural genes: *ureA*, *ureB* and *ureC* respectively \[[@R28]\]. Such organization is characteristic of most pathogenic and environmental bacteria. Unique urease of *Helicobacter* sp. has a different structure. In *H. pylori*, urease consists of only two subunits: 26.5 kDa UreA (subunit β) and 61.7 kDa UreB (subunit α) coded by *ureA* and *ureB* genes \[[@R29]\]. A smaller *Helicobacter* sp. urease structural gene (*ureA*) corresponds with a hypothetical fusion gene arisen from *ureA* and *ureB* typical of other bacteria, while a larger gene (*ureB*) is analogous to *ureC* (Fig. **[2](#F2){ref-type="fig"}**) \[[@R30]-[@R33]\].

Urease composed of two different polypeptides (21 kDa and 65 kDa) was also identified in SL100 ureolytic coccoid strain isolated from stomach biopsy material. This strain was related to *Staphylococcus cohnii* and *Staphylococcus xylosus*, which possess three urease subunits \[[@R34]\].

An active center of enzyme with two metal ions is located in the largest of structural subunits. In all ureases it is designed as UreC, except *Helicobacter* sp., in which case it is UreB \[[@R1]\]. Ureases are nickel-containing enzymes; however, for microaerophilic *Helicobacter mustelae* an iron-containing urease was revealed \[[@R23]\].

All bacterial ureases occur as inactive apoenzymes composed of three or two types of polypeptides coded by specific structural genes. However, additional proteins, products of accessory genes are required for urease activation. Those proteins (UreD, UreE, UreF, UreG and UreH) are involved in transporting nickel ions into a cell and in incorporating them into an active center of apoenzyme \[[@R35]-[@R44]\]. *P. mirabilis* produce active urease in presence of urea. In these bacteria a regulatory gene *ureR* is present (see Fig. **[2](#F2){ref-type="fig"}**). Its product is a urea inducible regulator controlling expression of remaining genes \[[@R1]\].

A highly mobile helix-turn-helix motif, located in α subunit and called "flap" is essential for urease activity (see Fig. **[5](#F5){ref-type="fig"}**). It may adopt two different conformations. In the "open" position, urea may enter into the active site, where hydrolyze is performed. In the "closed" position, flap covers the active center and blocks access to it \[[@R25]\].

Active ureases are heterooligomeric complexes. However, the number of particular structural subunits is always equal. In *K. aerogenes* urease, as well as in other tree-subunit bacterial ureases, UreC/UreB/UreA molecules occur in the ratio 1:1:1. Likewise, for *Helicobacter* sp. UreB/UreA are always in the ratio 1:1 \[[@R1]\].

Urease from *K. aerogenes*, as well as the most of other bacteria, is triple trimer (αβγ)~3~ with three active centers, one in each of three α subunits. Amino- and carboxyl terminus of each subunit are free and they are able to bind additional compounds without disturbing the enzyme structure \[[@R1]\]. But *Prochrorococcus marinus*sp. PCC 9511 produces urease composed according to (αβγ)~2~ pattern \[[@R1],[@R45]\]. Enzymes from *Helicobacter* sp. may form a more complex structure, built from 12 subunits. Polypeptides α and β are linked forming trimer (αβ)~3~, where N-terminal domain of β subunit are essential in aggregation process. Then, four such trimers form a tetrahedral complex (Fig. **[3](#F3){ref-type="fig"}**).

Probably, such a highly complex structure of *H. pylori* urease enables its activity in acidic conditions, when other ureases undergo nonreversible inactivation \[[@R46]\].

4. CONSERVATISM OF BACTERIAL UREASES
====================================

Ureases are considered to be conservative enzymes. Among all Ure polypeptides from different bacterial species, the highest sequence similarities were observed between structural urease subunits from different sources. In case of remaining polypeptides, similarities were smaller (Table **[1](#T1){ref-type="table"}**.) \[[@R47],[@R48]\].

In α subunit, the active center is the most conservative. Particularly stable are nickel ligands: histidines (in *K. aerogenes* His-134, His-136, His-246 and His-272), lysine (in *K. aerogenes* Lys-217) and aspartic acid (in *K. aerogenes* Asp-360) \[[@R1],[@R51]\]. Similarities were also observed for the flap fragment from over 160 sequences of α subunit of ureases from different microorganisms, including human pathogens. Many sequential identities occurred in all amino acid sequences. In bacteria causing human diseases, even not closely related, significant conservatism was noted (Fig. **[4](#F4){ref-type="fig"}**) \[[@R52]\].

The structure of a flap region in ureases from different bacteria also possess similar conformation (Fig. **[5](#F5){ref-type="fig"}**). Bacterial pathogens shows different ureolytic activity. Methods for its detection, including techniques applied in disease diagnosis, are diverse.

5. METHODS FOR DETECTING OF UREOLYTIC ACTIVITY
==============================================

Hydrolysis of urea is one of useful features in the bacteria identification. In a few infections caused by microbes, detection of this activity is essential to disease diagnosis.

Numerous assays are available to determine urease activity as well as to analyze kinetic behavior of urease. Most of them are indirect and based on colorimetric detection of ammonia released during incubation with a buffered urea solution \[[@R53]\].

One of the first methods was detecting bacterial ureolytic activity based on the cultivation of microorganism on urea containing medium (Christensen\'s urea medium) \[[@R54]\]. This is the most popular qualitative method using for uropathogenes like *Proteus* sp. In case of this bacterial species, results may be obtained even after 4 h. A modification of Christensen technique allows reducing assay time \[[@R54],[@R55]\].

Ureolytic activity is one of biomarkers employed to diagnose *H. pylori* infection and to monitor bacteria eradication by drug treatment \[[@R56]\].

For diagnosis, invasive and noninvasive tests, depending on whether endoscopy is required or not, are applied. The most popular invasive test is a rapid urease test (RUT) that requires obtaining tissue samples. However, this method is inconvenient for patients and also incurs high costs \[[@R57],[@R58]\]. It requires biopsy specimens from defined regions of the stomach. This material is placed on a urea-containing medium. If bacteria are present in the specimen, the change of color resulted from alkalization of the medium is observed \[[@R59]\]. A urea breath test (UBT) is commonly used among noninvasive tests. This method is simple, but its performance may be slightly complicated in case of very young children as well as patients with certain neurological disorders \[[@R49], [@R50] [@R60]\]. It involves oral administration of a nontoxic isotopically labeled (C^14^ or C^13^) urea to a patient. Urea is hydrolyzed by *H. pylori* to ammonia and isotope-containing CO~2~. Carbon dioxide is dissolved into blood and removed via lungs. Isotopes are detected in exhaled air. This is a test of choice in medical practice for detecting *H. pylori* infection. \[[@R61]\]. There are also suggestions that a urea breath test may be applied for diagnosing tuberculosis \[[@R62]\].

Other methods are used mainly in scientific research. Each of the methods developed for determination of ureolytic activity has some advantages and disadvantages (Table **[2](#T2){ref-type="table"}**).

There are a lot of other methods based on detecting ammonia released by urease action, which can be determined by vacuum distillation, a microdiffusion, steam distillation and electroconductivity measurement \[[@R77]\].

Fourier Transform Infrared (FTIR) spectroscopy is a method raising a big hope for easy, quick and continuous detection of ureolytic activity. This technique constitutes a radically different approach to enzymatic activity determination. It is based on the measurement of molecular vibrations energy of functional groups in organic compounds. This makes FTIR spectroscopy a highly sensitive and reproducible method. Unlike the previously discussed methods, this technique enables continuous monitoring of enzymatic reaction by a simultaneous analysis of disappearance of substrate and the appearance of product. However, substrate as well as product must have different spectra. FTIR spectroscopy also enables enzyme kinetics investigation \[[@R78]\]. Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) spectroscopy was recommended to enzymatic activity analysis \[[@R79]\]. This technique was also applied for urease activity investigations. Bands of absorbance characteristic of urea (substrate) and of bicarbonate (product) could be easily monitored in time intervals (Fig. **[6](#F6){ref-type="fig"}**). \[Zarnowiec *et al.*, data unpublished\]. However, ATR-FTIR spectroscopy is now used only in research applications, not in routine medical practice.

6. UREASE AS A PATHOGENIC BACTERIA VIRULENCE FACTOR
===================================================

Bacterial ureases play a role in disease pathogenesis. They are connected with urinary stones occurrence and catheters blocking, pyelonephritis, ammonia encephalopathy, hepatic coma as well as gastritis. In many papers there are information concerning toxic effects of bacterial ureases (Table **[3](#T3){ref-type="table"}**).

The role of urease in bacterium surviving in unfavorable microenvironment in the host's body is especially noticeable in case of *H. pylori*, a causative agent of gastritis and peptic ulceration \[[@R1],[@R4]\]. At *in vitro* conditions, *H. pylori* is sensitive to low pH. During infection, microorganisms have to pass through gastric acid before reaching the protective mucus layer. In these circumstances, a pathogen produces a large amount of urease which is not observed in other bacteria \[[@R80]\]. At low pH, enzymatic activity of *H. pylori* urease is probably connected with its dodecameric structure. This enzyme is also able to perform a more efficient hydrolysis of urea. This property may be due to mobility of the flap region, which is different than in *K. aerogenes* or *B. pasteurii* ureases \[[@R46]\]. Due to the high activity of *H. pylori* urease, local microenvironment surrounding bacterium becomes nearly neutral. Moreover, live bacterial cells adsorb on the surface enzymes released upon other *H. pylori* autolysis, which makes it possible for them to get to gastric mucus layer safely \[[@R80]\]. Ureolytic activity is essential for surviving*M. tuberculosis*, an etiologic factor of tuberculosis, a long-lasting inflammatory lung disease. Bacteria infect macrophages. They reside in phagosome, where alkalization due to ureolytic activity and subvert phagosome maturation takes place. Additionally, urease activity enables bacterium to exist in the environment where nitrogen sources are limited to urea \[[@R81]\]. Ureolytic activity is useful in better surviving of bacteria also in case of uropathogenes. Urease facilitates urinary tract infection. Infection dose for ureolytic *P. mirabilis* HI4320 was 1000-times lower in comparison with its non-ureolytic mutant. Urease activity raises pH of human urine, which allows precipitation of normally soluble polyvalent ions to struvite and carbonate apatite. These compounds aggregate around bacteria, forming urinary stones. Inside such stones, microorganisms are protected from antibiotics and the host's immune system \[[@R24],[@R83]\]. Urinary stones block urethra or catheters leading to acute bacteriuria \[[@R24]\]. The role of ureolytic activity in urinary stones formation was also showed for *U. urealyticum*, *S. saprophiticus*, *S. aureus* and some *Klebsiella* spp., *Pseudomonas* spp., as well as *Corynebacterium* sp. D2, *P. penneri*, *P. stuartii*, *M. morganii* \[[@R1],[@R22]\].

One of the features essential in bacterial infections is persistence to the host's cells. Schoep *et al.* showed that *H. pylori* urease have two sites (one at the N-termini of UreA subunit and the other at C-termini of UreB) which were involved in persistence to endothelial cells during mouse colonization \[[@R29]\]. This observation was confirmed by investigations with urease-negative *H. pylori* mutants incapable of colonization \[[@R1],[@R4]\]. Moreover, also urease released from lyzed bacterial cells is capable of adsorption into the mucus layer \[[@R4]\].

Bacterial ureases affect host immune system cells. In *H. pylori* infection, this metalloenzyme activates monocytes and neutrophils, which leads to secretion of inflammatory cytokines and causes indirect damage to epithelial cells. Urease is a chemotactic factor for monocytes and neutrophils. Inflammatory reaction may also be initiated by adsorption of released enzyme into the mucus layer \[[@R4]\]. Induction of inflammatory reaction was also observed for *Y. enterocolitica* urease. Ability of bacterial UreB subunit to induce experimental reactive arthritis was revealed \[[@R1],[@R84]\].

Urease may contribute in damaging host's cells. Enzyme from *H. pylori* stimulates expression of inducible NO-synthesizing enzyme (iNOS), which may have a cytotoxic effect \[[@R80]\]. Urease may exert a toxic effect also indirectly, by ammonia - the product of urea hydrolysis. During *H. pylori* infection, a stimulation of an oxidative burst in neutrophils ensues and there is a release of hydrogen peroxide, which next oxidizes chlorine ions. Ammonia generated by urease reacts with them and gives toxic monochloramine \[[@R1]\]. Johnson *et al.* revealed, using mouse model, that ammonia causes tissue damage also during urinary tract infections with ureolytic *P. mirabilis*. In kidneys, an acute inflammation as well as necrotic cells were observed. After one week, pyelonephritis was in progress. Struvite stones were noted. After two weeks, kidneys were ulcerated and fibrosis was visible \[[@R87]\]. Moreover, ammonia released by urease causes damage to the glycosaminoglycan layer in urothelial surface, and disturbs its protective function \[[@R5]\].

Recently, a new role of *H. pylori* urease has been established. During an infection, bacteria cause increased phosphorylation of the myosin regulatory light chain. Such phosphorylation regulates the function of epithelial tight junction complexes, which have a role in maintenance of barrier function, cell polarity as well as intercellular adhesion. Disruption of tight junction is associated with a carcinogenesis process. Wroblewski *et al.* showed that *H. pylori* urease may be connected with gastric cancer by causing damage to tight junctions \[[@R85]\].

Lately, a mechanism of activating blood platelets by bacterial urease has been described. Wassermann *et al.* showed that *H. pylori* enzyme stimulates this process through a lipoxygenase-mediated pathway. Such properties may have a role not only in gastrointestinal, but also cardiovascular diseases \[[@R86]\].

7. PRESENCE OF ANTI-UREASE ANTIBODIES IN SERA OF PATIENTS WITH LONG-LASTING DISEASES
====================================================================================

Bacterial ureases are considered to be one of the major antigens in several human diseases \[[@R1],[@R83],[@R84],[@R88]\]. Hirota *et al.* showed that this protein is immunogenic \[[@R89]\]. In the flap region of enzyme, the ELR motive associated with immunogenic antigens is present (see Fig. **[4](#F4){ref-type="fig"}**) \[[@R90]\]. In long-lasting diseases caused by ureolytic bacteria, urease may stimulate generation of antibodies.

Infections of *H. pylori* are mostly chronic and, in many cases, lifelong \[[@R91]\]. During a infection, an elevated level of immunoglobulins (secretory as well as circulating) was observed \[[@R88]\]. Different classes of antibodies were noted: in the stomach - IgA and IgM, in serum - IgG and IgA. IgG immunoglobulins remain even for a few months after bacterium eradication \[[@R92]\]. Urease from this bacterium is one of the major immunodominant antigens \[[@R93]\]. It is considered a vaccine in preventing *H. pylori* infections. In animal model, vaccination with *H. pylori* urease provides a significant and long term protection against a bacterial infection. In humans, oral administration of such a vaccine resulted in a strong immune response with minimal side effects \[[@R88]\].

The presence of anti-urease antibodies in *H. pylori* seropositive individuals is correlated with age and living in highly developed regions. Leal-Herrera, in the investigations performed on a population in Mexico, revealed that the percentage of infected individuals increases with age. The presence of anti-urease IgG antibodies in serum rises from less than 20% in a group of individuals below 10 years old to more than 50% - in a group over 40 years old \[[@R93]\]. Occurrence of anti-urease antibodies was correlated with disease severity. In patients with superficial gastritis, a low level of IgG, but relatively high of IgA immunoglobulins was observed. Strong IgG reaction dominated in quiescent atrophic gastritis individuals, whereas in patients with active atrophic gastritis, reaction of IgG as well as IgA was very strong \[[@R15]\].

Nurgalieva *et al.* observed the presence of IgM antibodies, putatively recognizing a small subunit (UreA) of *H. pylori* urease in 94% of *H. pylori*-infected volunteers. The larger subunit - UreB seems to be less immunogenic. About 44% of the investigated individuals showed a positive reaction \[[@R94]\]. However, Burnie and Al-Dughaym showed that UreB subunit of *H. pylori* urease has more epitopes recognized by antibodies than UreA. The level of IgG antibodies recognizing some of those epitopes was comparable with the commercial test \[[@R95]\]. Also in Arabski *et al.* study, where levels of IgG antibodies were detected, the presence of antibodies recognizing *H. pylori* UreB urease subunit was found in almost all infected individuals. They were observed even in 70% of *H. pylori* negative sera. A much more interesting observation was a correlation between atherosclerosis and the presence of anti-urease antibodies. In the investigated sera there was a significant relationship between the level of antibodies bound to 8-mer synthetic peptide (which corresponds to UreB minimal flap epitope of *H. pylori* urease) and occurrence of atherosclerosis \[[@R6]\], an inflammatory disease leading to an atheromatosus plaque in blood vessels lumen \[[@R96]\]. Earlier, Oshima *et al.* suggested that chronic *H. pylori* infections are connected with inflammatory processes in vessels \[[@R97]\]. Investigations applying synthetic peptide corresponding to 8 amino acid sequence of flap fragment of *H. pylori* urease revealed a similarity between this peptide and human CCRL1 (CC chemokine receptor-like 1) protein, expressed mainly in the heart. Based on this observation, a hypothesis to explain a connection of *H. pylori* urease and atherosclerosis was formulated. According to it, urease may stimulate immune system reaction during a bacterial infection. Presentation of urease fragments to Th lymphocytes enables synthesis of antibodies. Next, antibodies against flap region of urease react with bacterial antigen. However, they may also recognize IKEDV motive in CCRL1 (due molecular mimicry) and cause an inflammatory process (Fig. **[7](#F7){ref-type="fig"}**) \[[@R6]\].

Rheumatoid arthritis (RA) is a classic long-lasting disease. It is an inflammatory condition leading to joint injury. During its progress, hyaline cartilages of joints as well as bones undergo atrophy \[[@R98]\]. Etiology of RA is complex and, despite many years of investigations, still unclear. Apart from genetic background of RA occurrence, a role of infectious agents, like *P. mirabilis*, *Borrelia burgdorferi*, *Mycoplasma* sp., *M. tuberculosis*, *E. coli*, and *Porphyromonas gingivalis* as well as some viruses was discussed \[[@R99],[@R100]\]. Some of them are capable of urease synthesis \[[@R12],[@R24]\]. Among them, the most important is *P. mirabilis*. Wilson *et al.* revealed a connection of bacterial urease with disease progress. They showed a molecular mimicry between IRRET motive in *P. mirabilis* urease and human type XI collagen (LRREI sequence) present in hyaline cartilage. The observed similarities concerned a sequence as well as a conformation fragments of both proteins. Simultaneously, the level of antibodies against *P. mirabilis* urease was significantly higher in comparison to healthy individuals as well as patients with ankylosing spondylitis - another autoimmune disease. According to Wilson *et al.* hypothesis, antibodies arising in reaction against bacterial urease function as autoantibodies and recognize also human protein (collagen). This leads to primary cytotoxic damage to hyaline cartilage. In the next step, in an injury site the presence of cytokines, vascular adhesion molecules and hydrolytic enzymes is observed. It causes inflammation, fibrosis and destruction of joints \[[@R101]\].

This hypothesis was confirmed in later studies. Konieczna *et al.* observed for RA patient's sera a significantly higher level of antibodies recognizing synthetic peptide corresponding to flap epitope of *P. mirabilis* urease. Surprisingly, they noted an elevated IgG level against peptides reflecting a sequence of flap regions from other organisms (bacteria and plant). The detected antibodies also had lower specificity. These antibodies recognized not only one defined antigen, but also antigens with a similar sequence, which was probably due to instability of the immune system \[[@R7]\].

A role of urease in stimulation of immune response of patients with immune disease was also revealed for other gram-negative bacteria. In 1993, it was showed that β subunit of *Y. enterocilitica* O:3 urease is arthritogenic for rats \[[@R84]\]. A few years later, a high humoral response in patients with reactive arthritis triggered by *Y. enterocolitica* O:3 was noted. IgG reacting with 19 kDa urease subunit was observed in over 90%, and IgA in over 50 % of investigated sera \[[@R102]\].

In chronic obstructive pulmonary disease (COPD) caused by nonencapsulated *H. influenza*e, urease is a target of human humoral response. In almost 39% of investigated sera, a significantly higher level of antibodies reacting with bacterial urease was observed \[[@R103]\].

Anti-urease antibodies are detected even in case of chronic zoonosis. In patients with diagnosed brucellosis, antibodies recognizing α *Brucella suis* urease subunit were detected \[[@R104]\].

In the investigations of antibodies generated as a response to infection, chemically defined synthetic peptides have a potent application. They are useful for epitope mapping as well as molecular mimicry studies.

8. ORGANIC CHEMISTRY TOOLS IN IMMUNE RESPONSE INVESTIGATIONS
============================================================

Organic chemistry enables constructing several new tools for investigations of response of the immune system against infectious agents. One of these tools is a library of synthetic peptides with a chemically defined sequence. Such libraries are used for detecting antibodies as well as for estimating their variety and specificity \[[@R105]\]. Synthetic peptide libraries also provide epitope mapping of protein antigens, the process of locating the epitope on the protein surface or in the protein sequence \[[@R106]\]. There are many peptide synthesis methods: biological (peptide is expressed on the surface of bacterium or phage) or fully synthetic (peptide is synthesized on the abiotic surface like cellulose or polypropylene) \[[@R107]\].

Determination of antigenic determinants of protein may be intricate considering the existence of discontinuous (assembled), apart from continuous (sequential, linear), epitopes \[[@R106]\]. However, several strategies of epitope mapping are available. The most often used strategy is array-based oligo-peptide scanning. This technique uses a library of oligo-peptide sequences from overlapping and non-overlapping segments of a target protein and tests for their ability to bind the antibody of interest. This method is fast and relatively inexpensive, and specifically suited to profile epitopes for a large number of candidate antibodies against defined targets \[[@R108]\].

So far the most general approach for epitope mapping has been developed by Ronald Frank \[[@R109]\]. The applied methodology, known as SPOT synthesis, is a special type of solid phase peptide synthesis proceeding directly on the membrane support, inside relatively small, separated spots regarded as separate reaction vessels. The method was initiated as an uncomplicated manual technique for parallel chemical synthesis of peptide arrays followed by an assay with appropriate interacting molecules performed directly on the membrane or in solution (Fig. **[8](#F8){ref-type="fig"}**) \[[@R105]\].

SPOT method is useful for mapping not only linear, but also discontinuous epitopes as well as for characterizing antibodies \[[@R110],[@R111],[@R112]\]. It was even applied for identification of peptide mimicking the structure of an epitope (mimotope) \[[@R110]\]. A broad variety of other biomolecular binding events or enzymatic modifications can be investigated by using peptide arrays (prepared by the SPOT technique) such as protein-protein interactions \[[@R113]-[@R118]\] protein-DNA interactions \[[@R119]\] peptide-cell interactions \[[@R120]-[@R122]\] or enzyme-substrate interactions \[[@R123]-[@R127]\].

Synthesis of peptide on the membrane surface allows application of simple techniques, like dot-blot, for further investigations of e.g. bounded antibodies. However, the results obtained strongly depend on the structure of the linker fragment. The most classical linkers are prepared using 1-3 residues of β-alanine or glycine to separate peptide assembling with biomolecules used in assay out of the membrane \[[@R109],[@R128]\]. In SPOT technology, different linkers are also applied (like Carboxy-Frank-Linker, *p*-hydroxymethylbenzoic acid (HMB) linker, the Rink-amide linker or 4-hydroxymethyl-phenoxy acetic acid (HMPA) and 4-(4-hydroxymethyl-3-methoxyphenoxy)-butyric acid (HMPB) linkers) enabling cleavage of peptides from the support \[[@R129]-[@R133]\].

A different type of anchoring the peptide chain to cellulose matrix was proposed by Kaminski and co-workers \[[@R6],[@R134]-[@R136]\]. 1-Acyl-3,5-dimethyl-1,3, 5-triazin-2,4,6 (1H,3H, 5H)-trion derivatives serve both as a spacer and a linker. This isocyanuric linker has been introduced by thermal isomerization of 2-acyloxy-4,6-dimethoxy-1,3,5-triazines already immobilized on the cellulose support \[[@R137]\]. A synthetic procedure leading to peptides anchored to cellulose by 1-acyl-3,5-dimethyl-1,3,5-triazin-2,4,6(1H,3H,5H)-trion (iso-MT) is shown in (Fig. **[9](#F9){ref-type="fig"}**). In the first step, chloro-triazine immobilized on cellulose was treated with N-methylmorpholine yielding *N*-triazinylammonium chloride, which is activating the carboxylic function of Fmoc-protected amino acid yielding superactive triazine type ester \[[@R135],[@R136]\], which, in refluxing toluene, rearranges to a stable isocyanuric derivative.

During peptide synthesis, anchoring method is essential for further reaction of peptide and antibody (Table **[4](#T4){ref-type="table"}**).

For isocyanuric linker, interactions with antibodies were found more selective \[[@R138]\]. This linker was applied during synthesis of peptides corresponding to a flap region of different ureases (bacterial and plant) based on the flap region from *H. pylori* urease. Those peptides were useful in investigating human sera. It was possible to differentiate sera of patients with autoimmune diseases like rheumatoid arthritis or atherosclerosis from sera of healthy donors \[[@R6],[@R7]\]. On the other hand, a library of 361 peptides, where each peptide had a sequence with one substituted amino acids in a defined position, was applied to determine amino acids which are essential for antibody binding \[[@R139]\].

For epitope mapping of UreA and UreB subunits of *H. pylori* urease, Geysen's method was adopted, which is based on the synthesis of the target amino acid sequence as a series of overlapping peptides on polypropylene pins \[[@R30]\].

Studies on urease epitopes were also performed using other techniques. One of the most interesting new developments in the search for novel antigens applied a computational method to predict T-cell epitopes using the whole genome sequence information \[[@R128]\].

In a more classical approach, antibody binding epitopes in *H. pylori* urease were determined with monoclonal antibodies produced in Balb/c mice. After digestion of bacterial urease with trypsin followed by separation of peptides with affinity chromatography, monoclonal antibodies were applied to identify epitopes. Next, amino acid sequences of isolated peptides were determined by mass spectroscopic analysis. Fujii *et al.* showed that two such peptides, with the sequence SVELIDIGGNRRIFGFNALVDR and IFGFNAL VDR, were recognized by two monoclonal antibodies (MAb): HpU-2 and HpU-18 respectively. Based on the data of competitive binding determined by using surface plasmon resonance and analysis of the epitope for HpU-2 and HpU-18, it has been found that both MAb recognize almost the same position on the UreA subunit of *H. pylori* urease. An unanticipated result was suppressing of urease activity *via* an allosteric effect, which might cause a distortion of the conformation of the enzyme. On the other hand, the second mechanism observed in the case of several MAb studied (which in fact possessed a weaker inhibitory effect, such as HpU-17 and -20) is assumed that MAb B binds to the vicinity of the active site, resulting in the reduction of the urease activity \[[@R140]\].

Molecular biology methods are also used in *H. pylori* urease epitope determination. Nineteen truncated fragments of gene coding UreB subunit were amplified and cloned into the prokaryotic expression vector pET-28a (+) or pGEX-4T-2. After verification, the constructs obtained were transformed into *Escherichia coli* which expressed recombinant proteins. Using three MAbs against UreB of *H. pylori* (A1H10, A3C10, and B3D9) three linear B-cell epitopes, probably useful as the targets for development of epitope-based vaccines against *H. pylori*, were identified. These epitopes were localized in the aa regions: 158-172 (GGGTGPADGTNATTI), 181-195 (WMLRAAEEYS MNLGF), and 349-363 (TLHDMGIFSITSSDS) of UreB \[[@R141]\].

Urease is highly expressed by all strains of *H. pylori* and is immunogenic. Additionally this enzyme could stimulate generation of antibodies able to inhibit its activity. For this reason, it seems to be a promising vaccine target. However, vaccination of urease may not give a sufficient protective effect. A combination of urease with other antigens may yield better results. It seems that a fusion of UreB urease subunit with truncated HpaA surface protein may give a better protection than either protein alone \[[@R142]\].

There were also attempts to design a vaccine using mucosal adjuvant cholera toxin B subunit (CTB) and an epitope (UreA 183-203) of *H. pylori* urease. Both peptides were bound with the linker (DPRVPSS) to avoid the formation of new epitopes. The CTB-UreA epitope vaccine had good immunogenicity and immunoreactivity and induced specific neutralizing antibodies which showed an effectively inhibitory effect on *H. pylori* urease enzymatic activity \[[@R143]\].

Today, experiments to identify and characterize linear antibody epitopes using peptide scans, amino acids scans, substitutional analyses, truncation libraries, deletion libraries, cyclization scans, all types of combinatorial libraries and randomly generated libraries of single peptides are standard techniques widely applied even in non-specialized laboratories \[[@R135]\].

CONCLUSIONS
===========

Urease is an enzyme studied for a long time. Its structure, synthesis and biochemical activity are known. There are also many studies concerning urease toxic effect on human tissues. However, its role in long-lasting autoimmune diseases is still controversial. Nevertheless, the presence of molecular mimicry between bacterial ureases and human proteins has been suggested \[[@R7],[@R101]\]. Proteins containing motives, similar to infectious agents, may function as autoantigens. In described autoantigenes, some similarities to ureases may be found \[[@R90],[@R101]\]. It was proved that this enzyme stimulates antibodies synthesis \[[@R89]\], but determination of epitopes in urease protein may be difficult and non-conclusive. Therefore investigations applying synthetic peptides could be very helpful in mapping epitopes both in infectious agents proteins as well as in determining amino acids located in epitopes which are essential for human humoral response \[[@R139]\]. Urease, although investigated for a long time, still seems to be an unexplored enzyme.
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![Scheme of urea hydrolysis.](CPPS-13-789_F1){#F1}

![Scheme of genetic organization of urease genes and structural composition of urease.\
Genetic organization of *ure* genes was performed basing on Microbial Genome Viever MGV 2.0 (<http://mgv2.cmbi.ru.nl>) for *H. pylori* G27, *P. mirabilis* HI4320, *K. pneumonia* 342 and *Yersinia enterocolitica* 8081. Under genes/polypeptides are sizes of particular genes as well as a number of amino acids of particular polypeptide were taken from NCBI database for records: CP001173 (*H. pylori* G27), AM942759 (*P. mirabilis* HI4320), NC_011283 (*K. pneumonia* 342) and NC_008800 (*Y. enterocolitica* 8081); structural genes as well as urease subunits are underlined.](CPPS-13-789_F2){#F2}

![Scheme of structure of bacterial ureases. Domain organization is reported for (A) *H. pylori* and (B) *Bacillus pasteurii* urease monomers, (C) *B. pasteurii* and (D) *H. pylori* urease trimers, and (E) *H. pylori* dodecamer.](CPPS-13-789_F3){#F3}

![Alignment of the amino acid sequence of urease flap fragment from pathogenic bacteria. Black - amino acid present in at least 80% of compared sequences, grey - amino acid present in at least 70% of compared sequences, white - amino acid present in less than 70% of compared sequences. Sequences from NCBI database (Accession Numbers are in figure). Alignment was performed by Clustal W 2.1 and edited with GeneDoc.](CPPS-13-789_F4){#F4}

![Conformational conservatism of bacterial ureases. All models of bacterial ureases were from ExPASy SIB Bioinformatics Resource Portal (Q7X3W5 - *H. pylori*; P16122 - *P. hauserii*; Q6GEE4 - *S. aureus*); overlapping was performed with RasWin Molecular Graphics Visualisation Tool (<http://rasmol.org/>). A - structure of *H. pylori* (blue) and *P. hauserii* (white) ureases, B - structure of *H. pylori* (blue) and *S. aureus* (white) ureases; flap region is marked by a white ellipse.](CPPS-13-789_F5){#F5}

![ATR FTIR spectra of the substrate (urea), product (NaHCO~3~), in reaction mixture containing 0.4 µg urease from *Canavalia ensiformis*. Spectra of the reaction mixture were recorded at several time intervals: 0, 10, 20 and 35 min, as indicated.](CPPS-13-789_F6){#F6}

![Molecular mimicry of flap fragment of *H. pylori* urease and CCRL1 and possible connection with atherosclerosis progress.](CPPS-13-789_F7){#F7}

![Scheme of SPOT synthesis.](CPPS-13-789_F8){#F8}

![Synthesis of peptides with free N-termini anchored by isocyanuric linker.](CPPS-13-789_F9){#F9}

###### 

The Sequence Similarity of Structural and Accessory Polypeptides of Ureases of Different Bacteria.

  Polypeptides                        Identical amino acid sequence \[%\]   Reference                                                                    
  ----------------------------------- ------------------------------------- ---------------------- ------------------------------------ ---------------- ------------
  *Bordetella bronchiseptica*         *Alcaligenes eutrophus*               *K. aerogenes*         *P. mirabilis*                                        
                                                                                                                                                         
  γ (UreA)                            84                                    79                     73                                   \[[@R49]\]       
  β (UreB)                            63                                    69                     67                                                    
  α (UreC)                            70                                    69                     68                                                    
                                                                                                                                                         
  UreD                                43                                    33                     28                                                    
  UreG                                75                                    66                     59                                                    
  UreE                                39                                    38                     38                                                    
  UreF                                54                                    31                     31                                                    
                                                                                                                                                         
  *Actinobacillus pleuropneumoniae*   *Haemophilus influenzae*              *Bacillus* sp. TB-90   *H. pylori*                          *K. aerogenes*   
                                                                                                                                                         
  γ (UreA)                            96                                    67                     64                                   57               \[[@R50]\]
  β (UreB)                            86                                    55                     53                                   60               
  α (UreC)                            87                                    62                     62                                   66               
                                                                                                                                                         
  UreE                                85                                    21                     28                                   25               
  UreF                                67                                    34                     34                                   27               
  UreG                                95                                    60                     66                                   60               
  UreD                                70[\*](#T1F1){ref-type="table-fn"}    24                     29[\*](#T1F1){ref-type="table-fn"}   21               

data for UreH

###### 

Characteristic of Methods for Ureolytic Activity Determination.

  Method                         Description                                                                                                                                                                                            Advantages                                                                             Disadvantages                                                                                                                                                                     Application                                                                             Reference
  ------------------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ -------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------- ------------
  Qualitative                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  Urea-phenol red-agar plate     activity is detected on the microbiological medium containing urea and phenol red as pH indicator. Bacteria alkalize medium by hydrolysis of urea, causing change of its color.                        facility of realization inexpensive                                                    restricted to cultivable bacteria able to grow on this medium results need multiplication of bacteria                                                                             suitable for routine detection of activity, not recommended for kinetic analysis        \[[@R53]\]
  \[[@R63]\]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  Native gel electrophoresis     pH-dependent method. Sample containing urease is electrophoresed in native agarose or acrylamide gel. Active protein is detected after incubation of gel in solution containing urea and phenol red.   allows estimation of the size of active protein inexpensive                            equipment for electrophoresis is indispensable time consuming                                                                                                                                                                                                             \[[@R64]\]
  \[[@R65]\]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  Quantitative                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  Phenol -- hypochlorite assay   spectrophotometric method based on detection of ammonia released during urea hydrolysis. Ammonia reacts with phenol-hypochlorite at high pH forming indophenol                                         simple able to detect even a small amount of ammonia (\<0.02 µmol)                     requires numerous sampling of the reaction mixture sensitive to various factors like temperature and time, pH of buffers, inhibitors limited linearity of the calibration plots   very useful in full kinetic analyses, the most frequently used in scientific research   \[[@R8]\]
  \[[@R66]\]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
  \[[@R67]\]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
  \[[@R68]\]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  Nesslerization reaction        spectrophotometric assay with Nessler reagent in colored pH indicator solution                                                                                                                         easy to perform                                                                        needs titration with diluted HCl to determine ammonia amount long reaction time less sensitive than phenol-hypochlorite assay                                                                                                                                             \[[@R8]\]
  \[[@R69]\]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  Coupled enzyme assay           spectrophotometric method based on coupling reaction of ammonia with α-ketoglutarate in presence of glutamate dehydrogenase (GLDH)                                                                     sensitive alternatively, a horseradish peroxidase may be used for ammonia detection    GLDH has pH optimum higher than most ureases sensitive to inhibitors difficult interpretation expensive                                                                                                                                                                   \[[@R70]\]
  \[[@R71]\]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
  \[[@R72]\]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  Potentiometric assays          method of direct monitoring of ammonia ions with ion-selective electrodes or ammonia-selective electrode                                                                                               unaffected by inhibitors fast in performance allow continuous monitoring of activity   interference by potassium and other monovalent ions low sensitive (in ion-selective electrode) during assay, an ionic strength of solution changes (there is no buffer)           useful in determination of the urease inhibition mechanisms                             \[[@R73]\]
  \[[@R74]\]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  Isotopic methods               methods based on the urea with carbon isotope radioactive C^14^ or non-radioactive C^13^ (there are also methods based on N^15^). A isotope-labeled CO~2~ is detected                                  fast in performance                                                                    need scintillation counter (for C^14^) or mass spectrometer (for C^13^ and N^15^)                                                                                                 useful in diagnosis of *H. pylori* gastric mucosa infection                             \[[@R75]\]
  \[[@R76]\]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

###### 

Pathologic Effect of Bacterial Ureases in Human Diseases.

  Role of urease                         Bacterium species                                         Disease                             Reference
  -------------------------------------- --------------------------------------------------------- ----------------------------------- -----------------------------------
  Surviving in host's organism           *H. pylori*                                               gastritis, peptic ulcers            \[[@R1], [@R4], [@R80]\]
  *M. tuberculosis*                      tuberculosis                                              \[[@R81]\]                          
  *E. coli*                              hemorrhagic colitis, HUS                                  \[[@R82]\]                          
  Persistence to host's cells            *H. pylori*                                               gastritis, peptic ulcers            \[[@R29]\]
  Precipitation of polyvalent ions       *P. mirabilis*,*M. morganii, U. urealyticum* and others   urinary tract infections            \[[@R1], [@R22], [@R24], [@R83]\]
  Stimulation of inflammatory reaction   *H. pylori*                                               gastritis, peptic ulcers            \[[@R4]\]
  *Y. enterocolitica*                    reactive arthritis                                        \[[@R1], [@R84]\]                   
  Cytotoxic effect on host's cells       *H. pylori*                                               gastritis, peptic ulcers            \[[@R1], [@R80]\]
  Damage to glycosaminoglycan layer      *P. mirabilis*                                            urinary tract infections            \[[@R5]\]
  Damage of tight junctions              *H. pylori*                                               peptic ulcers                       \[[@R85]\]
  Aggregation of blood platelets         *H. pylori*                                               gastritis, cardiovascular disease   \[[@R86]\]

HUS - hemolytic uremic syndrome

###### 

Interaction of Antibodies with *H. pylori* Urease Epitopes with Free *N*-Termini Anchored on Cellulose.

  Epitope                                                     Peptide sequence                                   Reaction[a](#T4F1){ref-type="table-fn"}   Specificity
  ----------------------------------------------------------- -------------------------------------------------- ----------------------------------------- -------------
                                                                                                                                                           
  UB-33                                                       H~2~N-CHHLDKSIKEDVQFADSRI-COO-cellulose            \-                                        0%
  H~2~N-CHHLDKSIKEDVQFADSRI-β-Ala-COO-cellulose               \-                                                                                           
  H~2~N-CHHLDKSIKEDVQFADSRI-β-Ala-β-Ala-β-Ala-COO-cellulose   \-                                                                                           
                                                                                                                                                           
  UB-33                                                       H~2~N-CHHLDKSIKEDVQFADSRI-β-Ala-iso-MT-cellulose   +, m                                      100%
  H~2~N-CHHLDKSIKEDVQFADSRI-iso-MT-cellulose                  +, s                                                                                         
  F-8                                                         H~2~N-SIKEDVQF-β-Ala-iso-MT-cellulose              +, s                                      
  H~2~N-SIKEDVQF-iso-MT-cellulose                             +, m                                                                                         

(no reaction)

\+ (reaction); s (strong); m (medium).
